Foam ma te ri als pres ent sev eral prom is ing char ac ter is tics which pro mote the ex ten sive use in nu mer ous ther mal en gi neer ing ap pli ca tions. The cou pled heat trans fer within foam structure is cru cial to the ther mal per for mance of high tem per a ture sys tems, such as po rous burn ers [1] and so lar re ceiv ers [2]. The ther mal de sign, per for mance anal y sis and op ti mi za tion es sentially re quire the de tailed and com pre hen sive knowl edge on the heat trans fer of foam-fluid system at high tem per a ture.
In tro duc tion
Foam ma te ri als pres ent sev eral prom is ing char ac ter is tics which pro mote the ex ten sive use in nu mer ous ther mal en gi neer ing ap pli ca tions. The cou pled heat trans fer within foam structure is cru cial to the ther mal per for mance of high tem per a ture sys tems, such as po rous burn ers [1] and so lar re ceiv ers [2] . The ther mal de sign, per for mance anal y sis and op ti mi za tion es sentially re quire the de tailed and com pre hen sive knowl edge on the heat trans fer of foam-fluid system at high tem per a ture.
Re cently, many re search ers have fo cused on the flow and heat trans fer in foams with the ther mal ra di a tion ne glected, and the ef fects of op er a tion pa ram e ters are dis cussed the o ret ically and ex per i men tally. For the high tem per a ture con di tions, how ever, ther mal ra di a tion may dom i nate the heat trans fer pro cess. Sev eral sim u la tions have been done to an a lyze the cou pled ra di a tive and con vec tive heat trans fer in such sys tem. The lo cal ther mal equi lib rium (LTE) model or the lo cal ther mal non-equi lib rium (LTNE) model has been em ployed to char ac ter ize the heat ex change be tween the fluid and solid phases. The LTE model is mostly adopted, in which the two phases hold an iden ti cal tem per a ture. Nield and Kuznetsov [3] in ves ti gated a com bined con duc tive-con vec tive-ra di a tive heat trans fer pro cess in a chan nel oc cu pied by a cellu lar po rous me dium. The in flu ence of ther mal ra di a tion in a heated chan nel filled with me tal lic foam was eval u ated by Andreozzi et al. [4] with ra di a tive con duc tiv ity model. The cou pled heat trans fer in side a po rous so lar heat exchanger was stud ied by Rashidi et al. [5] . The cou pled heat trans fer prob lem was solved both semi-an a lyt i cally and nu mer i cally by Dehghan et al. [6] to ana lyze the ef fects of po rous me dium shape pa ram e ter and ra di a tion pa ram e ter on the ther mal perfor mance. Only a few nu mer i cal in ves ti ga tions used the LTNE model, tak ing the tem per a ture dif fer ence be tween the two phases into ac count. Mahmoudi [7] stud ied the ef fect of ther mal radi a tion on the tem per a ture dif fer ence in a po rous ma te rial sub jected to isoflux bound ary con dition un der steady-state. Chen et al. [8] dis cussed the in flu enc ing fac tors af fect ing the tem per ature dif fer ence in a tran sient heat trans fer pro cess in side an iso ther mal cir cu lar tube.
On the other hand, due to the ex tremely com plex microstructure, Zhao [9] in di cated that there has been scar city in re li able ex per i men tal data for the open-cell foam in gen eral. Besides, ex per i ments on the flow and heat trans fer in foams at high tem per a ture could be very seldom found. Banerjee et al. [10] re ported an study on a tube-in-tube heat exchanger filled with re tic u lated po rous Al 2 O 3 at tem per a ture up to 1240 K. The flow and ther mal be hav ior of Ni foam was tested as the vol u met ric re ceiver un der con cen trated so lar ra di a tion by Michailidis et al. [11] .
From the re view of lit er a ture, it can be seen that the high tem per a ture cou pled heat trans fer in foams has not been ad e quately and com pre hen sively in ves ti gated, and ex per i men tal stud ies are es pe cially rather lim ited. In this study, an ex per i men tal set-up is built to test the flow and heat trans fer in a tube filled with SiC foam at high tem per a ture. A nu mer i cal model is de veloped, the sim u la tion is con ducted and com pared with the ex per i men tal data.
Ex per i men tal test rig
The ex per i men tal ap pa ra tus is sche mat i cally dis played in fig. 1 . Air-flow is steadily sup plied by the screw com pres sor, and flows into a clam cham ber, then through the de hy dra tor to elim i nate the wa ter, oil and par tic u late ma te ri als. Vol u met ric flow rate is mon i tored by a flow me ter with an ac cu racy of ±1.0% rdg. Two valves (A and B) are used to al ter the flow di rec tion. The test sec tion is made of stain less steel with an in ner di am e ter of 50.0 mm, wall thick ness of 1.5 mm, and length of 1.0 m. It is po si tioned in side of an open-ended fur nace which can pro vide a high tem per a ture en vi ron ment up to 1100 °C. The foam spec i men is in serted and po si tioned in the cen ter of test sec tion.
The test sec tion and pa ram e ters mea sure ment are de picted in fig. 2 . Air tem per a tures at in let and out let are mea sured away from the foam spec i men to avoid the ef fect of ther mal ra di ation from the high tem per a ture surface, us ing a T-type ther mo cou ple (TC 1 , junc tion di am e ter D J = 0.5 mm, un cer tainty of ±0. The tem per a ture of tube wall out side the fur nace is mea sured at equal spac ing by TC [11] [12] [13] and TC [14] [15] [16] , and TC 17 and TC 18 are used to re cord the wall temper a ture where the tube is not oc cupied by foam ma te rial. The wall temper a ture at the po si tion where the out let air tem per a ture is mea sured is re corded by TC 19 . The junc tion di am e ter of TC [11] [12] [13] [14] [15] [16] [17] [18] [19] (K-type) is 0.5 mm. Tem per a ture dis tri bu tion at the rear end of foam is ob tained us ing an IR cam era un der the help of an in fra red win dow with a transmissivity of 0.9. The pres sure drop is mea sured us ing two dif fer en tial pres sure trans mit ters: one with an un cer tainty of ±0.08% full span (F.S.) (F. S. is 0-2.5 kPa), the other ±0.0375% F. S. (F. S. is 0-100 kPa). Tube wall out side the fur nace is ther mally in su lated. The foam spec i men is made of SiC with 10 pores per inch (PPI) and a po ros ity of 0.88. The mean pore di am e ter, cell di am e ter and strut di am e ter are 2.535 mm, 5.537 mm and 0.913 mm, re spec tively, which are de ter mined by im age anal y sis us ing Image Pro-Plus soft ware. To tal length of SiC foam is 154 mm in the test. First, turn on the valve B and turn off the valve A af ter a vol u met ric flow rate is obtained. Then, turn on the fur nace and heat the foam spec i men. Fi nally, al ter the flow di rec tion when the tem per a ture of foam up to the de sired and steady one, and here the heat ing tem per a ture is set to 1000 °C. Sub se quently, air-stream takes away the heat when pass ing through the foam skel e ton. Vol u met ric air-flow rate, in let and out let fluid tem per a tures, and pres sure drop have been mea sured with on line data ac qui si tion sys tem. The pres sure drop and tem per a ture measure ments start at the time air-flow en ter ing the test sec tion, and are ac quired at 1.0 second in terval un til the steady-state is reached, while 10 second in ter vals for in fra red im age of end sur face.
Nu mer i cal model
The test sec tion can be di vided to two re gions: the clear fluid re gion at up stream and down stream (I), and the foam re gion (II). In the model, the curved seg ment at the out let is neglected. Air-flow is as sumed to be in com press ible. Foam ma te rial is con sid ered as a ho mo geneous, ab sorb ing, emit ting and iso tro pic scat ter ing me dium. There are two ap proaches to solve this kind of prob lem: one-do main ap proach and two-do main ap proach [12] . The for mer is adopted here, which con sid ers the po rous foam as a pseudo-fluid and the com pos ite re gion as a con tin uum, au to mat i cally en sur ing the mo men tum and en ergy con ti nu ity at the in ter face. The k-e tur bu lent model is adopted in the fluid re gion, and the non-Darcy model is used to dem onstrate the flow be hav ior in side the po rous re gion [13] . The LTNE model is em ployed, con sid ering the tem per a ture dif fer ence be tween the two phases. The con ser va tion equa tions of mass, mo men tum, and en ergy are given, re spec tively: 
where U is air-flow ve loc ity, r and c are, re spec tively, the den sity and spe cific heat, p -the pressure, t -the flow time, m e -the ef fec tive dy namic vis cos ity, F -the mo men tum source caused by the in sert of foam, l fe and l se are ef fec tive ther mal con duc tiv i ties, h v -the vol u met ric heat trans fer co ef fi cient, and S r -the ra di a tive source. Some pa ram e ters in the model are de ter mined:
where m t and l t are the tur bu lent vis cos ity and tur bu lent ther mal con duc tiv ity, re spec tively. The equa tions of tur bu lent ki netic en ergy and the rate of en ergy dis si pa tion based on the k-e tur bulent model are: 
where G k is the pro duc tion of tur bu lence en ergy, C 1 = 1.44, C 2 = 1.92, s k = 1.0, and s e = 1.3. The ra di a tive trans fer equa tion is solved by the P1 ra di a tion model. The trans port equa tion of inci dent ra di a tion, G, can be ex pressed:
Thus, the ra di a tive source term can be com puted as
s . Based on the geo met ric op tics ap prox i ma tion, the ra di a tive prop er ties of foam are de ter mined [14] :
where e p is the foam emissivity, k a and k a are the ab sorp tion co ef fi cient and scat ter ing co ef ficient, re spec tively. So far, many in ves ti ga tions have been done to study the flow and heat trans fer char acter is tics in foam ma te ri als, in or der to de ter mine the source term, F, and vol u met ric heat trans fer co ef fi cient, h v . How ever, still no cor re la tion is able to pre dict the two main in puts with suf fi cient ac cu racy [15, 16] . There fore, for the spe cific foams, a se ries of tests are nec es sary. The vol u metric heat trans fer co ef fi cient can be de ter mined from ex per i ment us ing a sin gle-blow tech nique. The au thors have pro posed a cor re la tion from ex per i men tal data of sev eral foams (Cu, Ni, and SiC, 0.87 £ f £ 0.97 and 10-40 PPI), as re ported in [17] . 
U d d p
Ther mal prop er ties of foam are as sumed to be con stant, l s = 80 W/(mK), c s = 1244 J/(kgK), and r s = 3210 kgm 3 . The emissivity is e p = 0.92. Air is re garded as ideal gas and the viscos ity is cal cu lated through Suther land law. The ther mal ca pac ity and con duc tiv ity can be described: . .
Air-flow en ters the tube at a uni form tem per a ture and ve loc ity. The tube is opened to am bi ent at exit cross sec tion (p = 0, with ref er ence pres sure 101325 Pa). The tube wall in re gion II is sub jected to a vari able ra di a tive flux from the high tem per a ture fur nace which is set to 1000 °C. The emissivities of tube wall and in ner sur face of fur nace are 0.8 and 1.0, re spec tively. Due to the heat trans port from the tube in side the fur nace along ax ial di rec tion, tube wall in region I is set as wall tem per a ture bound ary chang ing with time. The wall tem per a ture is fit ted from TC [11] [12] [13] or TC [14] [15] [16] in the re gion out side the fur nace, while the tem per a ture is given by TC 17 or TC 18 for the re gion in side the fur nace. The ini tial tem per a ture in foam is cho sen as the av er age tem per a ture of TC 6-10 . A 2-D axisymmetric model is built and FLUENT is used to solve the govern ing equa tions. The grid in de pend ence is guar an teed when grid num ber is 250 × 40. Con vergence is reached if the re sid u als are be low 10 -7 . 
Re sults and dis cus sion
Three sets of ex per i ments are con ducted with dif fer ent in let air ve loc i ties (2.9, 4.3, and 5.8 m/s). The tran sient out let air tem per a ture is dif fi cult to ob tain di rectly from the cor rec tion of ther mo cou ple tem per a ture, since the ac cu rate time de pend ent flow ve loc ity and thermophysical prop er ties can not be mea sured. Moreover, tem per a ture vari a tions of TC 2-5 re flect the vari a tion of out let air tem per a ture. The aver age tem per a ture of TC 2-5 (T J ) is plot ted in fig. 4 . It can be seen that the tem per a ture has a no tice able change when t £ 50 sec ond, three pro cesses al most reach the steady-state when t £ 80 sec ond, and the time needed slightly decreases as the in let ve loc ity in creases, nearly 75, 71, and 66 sec onds for the three tests, re spectively. The tem per a ture T J at u in = 2.9 m/s is 88.5 K higher than that at u in = 5.8 m/s un der the steady-state con di tion.
The IR cam era is cal i brated to give maps of blackbody equiv a lent tem per a ture as shown in fig. 5 . The tem per a ture has a nearly uni form distri bu tion at t = 0 sec ond, as the non-uni for mity is less than 3.0%. The tem per a ture of foam decreases greatly with the in creas ing of time at the cen tral re gion, due to the higher heat trans fer rate from foam skel e ton to air-flow than that from tube wall to air-flow. Be sides, the tem per a ture is lower when in let ve loc ity in creases at the same time, for the rea son that the vol u met ric heat transfer co ef fi cient in creases as the ve loc ity in creases.
Due to the rapid vari a tion in the flow and tem per a ture fields dur ing the tran sient process and the ther mal prop er ties and ve loc ity at out let can not be pre cisely es ti mated, a cor rec tion of the tran sient out let air tem per a ture di rectly from the ex per i men tal data can not be per formed. Thus, the com par i son is made on the ther mo cou ple tem per a ture at out let to check the va lid ity of sim u la tion. The nu mer i cal ther mo cou ple tem per a ture at out let is cal cu lated based on the en ergy bal ance anal y sis. The heat loss caused by con duc tion is ne glected, as the main fac tor is the thermal ra di a tion from tube wall. The heat bal ance equa tion of the ther mo cou ple can be ex pressed:
where A J is the sur face area of ther mo cou ple junc tion, e J -the emissivity of junc tion sur face, T w -the tube wall tem per a ture which is mea sured by TC 19 , s -the Stefan-Boltzmann con stant, and h -the con vec tive heat trans fer co ef fi cient which can be eval u ated by: / % 100 . The same vari a tion trends are ob served. Since the vol u met ric heat trans fer co ef fi cient be comes larger at a higher ve loc ity, the ther mo cou ple tem per a ture in creases more quickly at a high ve locity. The steep change in the ini tial time pe riod is due to the ther mal in er tia of ther mo cou ple, and the de vi a tion in creases with time and then reaches the max i mum which are 25.0%, 18.2%, and 12.8% at u in = 2.9,4.3,5.8 m/s, re spec tively. As the time in creases, the de vi a tion in creases again af ter a de crease. The de vi a tions at the steady-state are 6.3%, 13.8%, and 19.8% for the three tests, re spec tively. Ad di tion ally, a com par i son of pres sure drop at steady-state is made (see tab. 1). It in di cates that the max i mum de vi a tion is 8.8%, where the de vi a tion is de fined as
/ % 100 . The previous com par i sons dem on strate an ac cept able agree ment be tween the mea sured and pre dicted val ues. fig. 9 . For ex am ple, the tem per a ture dif fer ence on the axis decreases from 85.5 K to 42.4 K as the ve loc ity in creases from 2.9 m/s to 5.8 m/s. The max i mum tem per a ture dif fer ences which al most oc cur at the near wall re gion (around the po si tion r = 0.02 m) for u in = 2.9, 4.3, 5.8 m/s are 119.7 K, 114.4 K, and 109.8 K, re spec tively. The solid tem per a ture near tube wall is higher due to the heated wall, and low ve loc ity near the wall causes low heat trans fer rate, which leads to a large tem per a ture dif fer ence.
Con clu sions
An ex per i ment ap pa ra tus is built to in vesti gate the cou pled heat trans fer in foam ma terial at high tem per a ture. A SiC foam is tested un der three dif fer ent in let ve loc i ties (2.9 m/s, 4.3 m/s, and 5.8 m/s), and the tran sient tem pera ture data are ob tained un til the steady-state is reached.
The time to steady-state is al most less than 80 second, which slightly de creases as the in let ve loc ity in creases. The tem per a ture in the cen ter re gion of end sur face of the foam spec i men de creases as the in let ve loc ity in creases.
A nu mer i cal model is de vel oped to sim u late the heat trans fer and com pared with the ex per i ment. New cor re la tions of vol u met ric heat trans fer co ef fi cient and pres sure drop are pro posed and used in the sim u la tion. A max i mum de vi a tion of 25.0 % is found be tween the pre dicted and exper i men tal data dur ing the whole tran sient pro cess. Be sides, it is found that the max i mum temper a ture dif fer ence oc curs at the near wall re gion (around the po si tion r = 0.02 m), and de creases with the in creas ing of in let ve loc ity. Thus, the LTNE model is strongly rec om mended for the ther mal anal y sis of such high tem per a ture ap pli ca tions of foam ma te ri als.
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